Introduction
A fruit tree under mechanical stress condition, such as girdling and strangulation, is exposed to adverse effects (Cohen, 1981; Yamanishi and Nakajima, 1992; Yamanishi et al., 1994) . Westwood (1978) stated that stone fruit trees should not be girdled because they do not heal well. The ability of girdles to heal is not only species dependent (Noel, 1970) but also cultivar dependent (Fernandez-Escobar et al., 1987) . The 'Tosa Buntan' pummelo tree seems to be a rapidly healing cultivar among citrus varieties as evidenced by a wire ring being covered with bark callus a few months after treatment (Nakajima et al., 1992; Yamanishi et al., 1993b) . Excessive trunk strangulation during the summer stunted the growth of 2-year-old pummelo trees (Yamanishi and Nakajima, 1992) . Strangulating the trunks from August to November in young, actively growing non-bearing pummelo trees resulted in defoliation and production of abnormal flower buds (Nakajima et al., 1992; Yamanishi et al., 1994) . However, strangulation during dormant period promoted flower bud formation (Yamanishi et al., 1993a,c; Yamanishi, 1995b) and improved fruit quality (Yamanishi et al., 1993a; Yamanishi, 1995a) The SLW for samples taken from strangulated trees between 14 November to 14 February was about 11.6% heavier than samples taken from the control trees, except for the 2.6 mm treatment (Fig. 3) ; the increase in the 2.6 mm treatment occurred one month later but finally the SLW attained almost the same level as the other treatments before bud burst at which time all were about 10% heavier than the control leaves.
The number and length of the bearing shoots on the treated trees were greater than those on the control in the first flush growth, in contrast to those of the vegetative shoots (Table 1) . A similar trend was observed in the second flush growth. The numbers of inflorescences and flower buds were 2.0 to 2.7 times larger in the treated trees than they were in the control trees in 1992; the counts were significantly greater in the 2.6 mm treatment compared to other treatments ( Table 2 ).
The number of flower buds increased as the wire diameter was thicker in 1992. Conversely, their number decreased drastically in the treated trees, especially in the 2.6 mm treatment, in 1993;
whereas their numbers in the control trees were almost constant for the two years. The number of the previous year's leaves which persisted on the trees was fewer in the 2.6 mm treatment than that in the other trees in 1992 and 1993 (Table 2) .
On the treated trees, the flowers bloomed in early February about a week ahead of the control trees. Anthesis lasted from 13 March to 25 April in the treated trees, whereas it began about 10 days later in the control trees (Fig. 4) . The peaks of open flowers on the treated trees, except for 1.6 mm treatment, occurred earlier and was less sharp than those of control trees.
The percentage of fruit set 50 days after anthesis ranged from 2.4 to 3.1% within a treatment; Fruits harvested in mid-February, 1993, from the treated trees were lighter and had thinner peel than those in the control trees (Table 3) ; they also had higher sucrose and citric acid contents than did those frond the control trees (Table 4) . A similar trend, except for 1.6 mm treatment, occurred with respect to fructose and glucose contents in the juice. Yield was 1.4 to 1.6 times larger on the treated trees than that on the control trees in 1993 (Table   5 ). The higher the degree of strangulation, the larger was the yield but the fruits were smaller in 1993. However, in 1994, the yield in the 2.6 mm treatment dropped drastically to only 9.2% of the previous year; while it was halved in other treatments. Total yield from 3 consecutive years was the highest in the 2.0 mm treatment and the lowest in the 2.6 mm, but no significant difference was noted between treated trees and the control.
Discussion
The stage of the experimental trees corresponded to an "on" year in 1992, as all the trees used were bearing less than 20 fruits per tree in the previous year. Therefore, all strangulation degrees applied to the trunks of a vigorous pummelo tree from late autumn significantly increased the number of flower buds in 1992. This increase was chiefly due to an increase in the number of leafless inflorescences and flower buds as observed previously (Yamanishi et al., 1993c; Yamanishi, 1995b) . However, the 3-month strangulation treatment during the dormant (fruit maturation) period In the present study, the low fruit set in the control trees in 1992 obviated the need for thinning after "June" drop. Thus, to make conditions comparable, the treated trees were, likewise, left unthinned. Shoot elongation was more extensive in control trees than it was in the treated ones in 1992, resulting in a higher leaf to fruit ratio (L/F) in the former than in the latter. In spite of this lower L/F ratio, the yields from the treated trees were greater in 1993. Accordingly, trees like of the 2.6 mm treatment that differentiated as many as 2.5 flower per node in 1992 should be flower or fruit thinned to adjust the L/F for a stable crop. However, this ratio might be lower in strangulated trees because they accumulate assimilates above the girdle. As evidence, the fruit number in the 2.0 mm treatment was double that of the control, but the corresponding decrease in fruit weight of the former was not drastic compared to fruit weight of the latter. Dann et al. (1984) stated that girdled peach limbs supported normal-sized crops although the L/F was halved. An inverse relationship between fruit number per tree and fruit size is well-establishied in citrus (Fishler et al., 1983) .
Leaves are the principal source of carbohydrates for dry matter production by plants. The distribution of dry matter in higher plants depends primarily on the phloem as a transport pathway for assimilates (Priestley, 1976) . This pathway may be interrupted depending how deep the wire cut into the bark tissue. Thus, a change in the normal pattern of distribution inevitably occurs. In the present study, leaf dry weight per unit area increased by strangulating the trunk bark with wire sizes of 1.6, 2.0, and 2.6 mm in diameter. This change in assimilate partitioning may imply adjustment by the whole tree to changes in demands and supplies made upon it; for example, the photosynthetic activity of leaves on strangulated branches was significantly decreased. It may be that the rate of photosynthesis exceeds the demand for photosynthates so that pummelo trees, like other species (Azcon-Bieto, 1983; Herold, 1980; Neales and Incoll, 1968) , adjust their photosynthetic output by feedback inhibition. Dann et al. (1984) stated that a diminished substrate supply appears to be a factor in determining the effects of girdling when growing organs compete strongly for assimilates. Our data support this idea because we found that strangulation suppressed the growth of trunks most severely when other competing sinks, flowers, and fruits were growing rapidly. That changes in assimilate partitioning attributed to strangulation or girdling positively affect flowering, fruiting, and fruit quality are unquestionable.
Because flower initiation and fruit growth involve phytohormones, indirectly or directly, they are influenced by strangulation.
But it is not clear how they interact to control growth.
No hormonal determinations were made in this study, but it is conceivable that strangulation modified their synthesis and distribution in the whole tree. Many researchers (Cutting and Lyne, 1993 : Goren et al., 1971; Skene, 1972; Wallerstein et al., 1973) showed that preventing phloem transport affected endogenous hormone levels. Lower cytokinins levels have been found in the xylem sap of girdled grape vines (Skene, 1972) and peach (Cutting and Lyne, 1993) . Girdling also reduced gibberellic acid (GA) levels above a girdled shoot in peach (Cutting and Lyne, 1993) and in citrus roots (Wallerstein et al., 1973) . Cytokinins and GA are known to be synthesized in roots (Brock and Kaufman, 1991) and exported to the top where they interact in the control of shoot growth (Goodwin et al., 1978) . The inhibitory effect of strangulation on shoot growth is well documented (Nakajima et al., 1992; Yamanishi and Nakajima, 1992; Yamanishi et al., 1993a,b,c) .
Cutting and Lyne (1993) hypothesized that shoot growth inhibition by girdling is caused by reduced upward xylem transport of cytokinins and GA. Moreover, a strong linear relationship exists between the growth rate of the roots and the vegetative top of a pummelo tree, because, the ratio of top to root on dry weight basis was unaffected by strangulation (Yamanishi et al., 1993b) , the growths of root and shoot are postulated to be governed by some feedback signals between them (Wareing, 1978) . Therefore, the root system would receive little or no photosynthates from the shoots in proportion to the wire tension applied to the trunk. (Aloni and Zimmermann, 1983; Savidge, 1990) . Noel (1970) stated that auxin accumulation above and depletion below the girdle occur until the cambium and phloem functions are restored. A basic knowledge regarding the direct and indirect effects on tree growth is essential to determine the limit of strangulating pummelo trees.
We found that strangulating pummelo trees in late autumn using wires of 1.6, 2.0, and 2.6 mm in diameter bound to the depth of wire diameter in the trunk bark increased the yield in the following year. This was attributed to an increase in the number of inflorescences, flower buds and setting fruits. Goren and Monselise (1971) reported that the enhancing effect of girdling on orange fruit yield was due to an increase in the number of fruits, rather than to an increase in the fruit size.
Furthermore, strangulating in different growing seasons shows that the optimum time for strangulation to increase yield was in late season before the flower bud differentiation period (Yamanishi et al., 1993a,c) . Similarly, strangulation just before anthesis increased the yield of pummelo trees (Yamanishi et al., 1993d) . Hence, late season strangulation promoted flower bud differentiation, whereas preanthesis strangulation resulted in increase in fruit set.
Strangulation
in mid-November does not affect fruit quality in the following year (Yamanishi et al., 1993c) , but strangulation did in this study with older trees. The high sugar contents in the fruit juice of treated trees seem to be an indirect effect of strangulation, because smaller, averaged-sized fruits compared to the control were sampled. A direct and positive effect of trunk strangulation late in the season on internal quality of pummelo fruits was observed only when it was performed at least 2 months before harvest (Yamanishi, 1995a).
We conclude that 1.6 or 2.0 mm diameter wire are suitable for strangulating pummelo tree trunks.
